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We present angle-resolved photoemission spectra of the γ-phase of manganese as well as
a theoretical analysis using a recently developed approach that combines density functional
and dynamical mean field methods (LDA+DMFT). The comparison of experimental data and
theoretical predictions allows us to identify effects of the Coulomb correlations, namely the
presence of broad and undispersive Hubbard bands in this system.
PACS numbers: 71.20.Be,79.60.-i,71.15.Qe
The electronic theory of metals is based on the concept
of quasiparticles, elementary excitations in the many-
electron system that show a one-to-one correspondence
with non-interacting electrons. They are characterized
by a dispersion law describing the dependence of their
energy on a quasimomentum, which can be measured
by angle-resolved photoemission spectroscopy (ARPES)
[1]. Hubbard showed for the first time, that strong elec-
tronic correlations can destroy this picture and result in
the formation of so-called Hubbard bands of essentially
many-body nature [2]. This concept is crucial for modern
theories of strongly correlated electron systems [3]. The
formation of Hubbard bands takes place, e.g., in many
transition metal-oxide compounds, which thus have to
be viewed as Mott insulators or doped Mott insulators
[4]. Transition metals represent another class of systems
where many-body effects are important (see [5] and Refs.
therein). However, according to common belief, they are
moderately correlated systems and normal Fermi liquids.
Electronic spectra of transition metals have been
probed intensively by angle-resolved photoemission.
Copper with its filled d-band was the first metal to be
investigated thoroughly by this technique and the results
were in excellent agreement with band structure calcula-
tions [6, 7]. The same technique, however, showed sub-
stantial deviations when applied to Ni and provided evi-
dence for many-body behavior, such as the famous 6 eV
satellite [8, 9]. The quasiparticle damping in iron can be
as large as 30 % of the binding energy [10, 11]. Correla-
tion effects are indeed important for metals with partially
filled 3d bands and should be taken into account for an
adequate description of ARPES spectra. Nevertheless,
the main part of the spectral density in Fe is related to
usual quasiparticles, and the spectral weight of the satel-
lite in Ni amounts to only 20 % [11].
Investigations of an extended Hubbard model show
that correlation effects are strongest for half-filled d-
bands [12]. Normally the geometrical frustrations in crys-
tals (such as in the fcc-lattice) further enhance electronic
correlations [3] so that one of the best candidates among
the transition metals for the search of strong correlation
effects is the fcc-(γ) phase of manganese. It is an example
of a very strongly frustrated magnetic system; according
to band-structure calculations [13] the antiferromagnetic
ground state of γ-Mn lies extremely close to the boundary
of the non-magnetic phase. Moreover, an anomalously
low value of the bulk modulus [14] might be considered
as a first experimental hint of strong electronic correla-
tions.
The physical properties of bulk γ-Mn are hardly acces-
sible in the experiment, since the γ-phase is only stable at
temperatures between 1368 K and 1406 K, where it shows
paramagnetic behavior. Thin films of γ-Mn, however,
can be stabilized by epitaxial growth on Cu3Au(100) [15],
which has an interatomic spacing (2.65A˚) very close to
the interatomic spacing of Mn-rich alloys (2.60− 2.68A˚).
Schirmer et al. have shown that Cu3Au(100) supports
layer-by-layer growth at room temperature up to cov-
erages of 20 monolayers (ML) [15]. A low-energy elec-
tron diffraction (LEED) I(V) analysis revealed that the
Mn films adopt the in-plane spacing of the Cu3Au(100)
substrate and a comparatively large tetragonal distor-
tion of the fcc-lattice. For the inner layers of a 16 ML
Mn film, this distortion amounts to -6%, whereas the
surface-subsurface distance is very close to the Cu3Au
value.
We have used angle-resolved photoemission on the un-
dulator beamline TGM-5 and on the TGM-1 beamline
at BESSY to probe the electronic states in γ-Mn. The
Cu3Au(100) substrate was prepared by repeated cycles of
Ne+ sputtering and annealing, until a very good LEED
pattern with sharp diffraction spots and a low back-
2ground intensity confirmed a high degree of structural or-
der. The base pressure of 2×10−10 mbar rose to 7×10−10
mbar as Mn was deposited by electron beam evapora-
tion. To avoid interdiffusion of Cu and Au, the onset of
which was determined to be above room temperature [15]
we used to keep the sample at room temperature during
the Mn deposition and the photoemission measurements.
The high quality of our Mn samples was routinely verified
by means of LEED and Auger spectroscopy.
Angle-resolved photoemission measures the electron
spectral density A(k, E) as a function of the quasimo-
mentum k and the energy E multiplied by the Fermi
distribution function f(E) [1]. For a given electron emis-
sion angle corresponding to a given k the spectral den-
sity usually has a well-defined maximum as a function
of E that determines the quasiparticle dispersion E(k)
for the occupied part of the electronic bands. The ex-
perimental data (Fig. 1a) obtained for γ-Mn at a photon
energy of 34 eV and for different electron emission an-
gles, however, are characterized by two striking features.
These are a weakly dispersive quasiparticle band near the
Fermi level EF and a broad and almost k-independent
maximum at approximately 2.5 eV below EF [26]. These
structures lack a significant dispersion also in spectra
taken in normal electron emission for photon energies
from 14 to 70 eV (Fig. 2). This behavior clearly distin-
guishes γ-Mn from other transition metals investigated
with angle-resolved photoemission, which are strongly
dispersive [16].
These data cannot be understood in the framework
of a standard quasiparticle picture, since first-principles
calculations of the band structure for different magnetic
phases of γ-Mn show an energy dispersion of more than
1.5 eV [17]. Instead, the overall shape of the experimental
spectra is very close to that of the Hubbard model on the
metallic side of the Mott transition with a quasiparticle
band near the Fermi level and a broad Hubbard band
below EF [18].
To test this hypothesis we have carried out first-
principle (LDA+DMFT) calculations [19, 20] of the elec-
tronic structure of γ-Mn that include correlation effects
in a local but fully dynamical approximation for the elec-
tron self-energy. In this approach a realistic description
of the delocalized s and p electrons within the local den-
sity approximation (LDA) is supplemented by a term de-
scribing the partially localized nature of the d-states. The
Hamiltonian thus reads
H = HLDA +
1
2
∑
imm′σ
U imm′nimσnim′−σ
+
1
2
∑
im 6=m′σ
(U imm′ − J
i
mm′)nimσnim′σ, (1)
where a+
imσ
[aimσ] creates [destroys] an electron with spin
σ in state m at site i and nimσ = a
+
imσ
aimσ is the cor-
responding number operator. Umm′ and Jmm′ are the
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FIG. 1: Experimental photoemission spectra taken at a pho-
ton energy of 34 eV for different electron emission angles (a) in
comparison with the spectral function A(k, ω) of γ-Mn as cal-
culated within the LDA+DMFT approach (b). The k-values
corresponding to the experimental data vary approximately
between the Γ and the L point in the Brillouin zone, bind-
ing energies are measured with respect to the Fermi energy.
Colors from white, yellow, orange, red, brown to black denote
increasing intensities. The blue lines in (b) give the LDA band
structure.
direct and exchange term of the screened Coulomb in-
teraction: Umm′ = 〈mm
′|Vscr(r − r
′)|mm′〉 and Jmm′ =
〈mm′|Vscr(r− r
′)|m′m〉, which can be expressed in terms
of the average Coulomb and exchange interaction param-
eters U and J , the values of which are known (U ∼ 3eV,
J ∼ 0.9 eV)[27] [28] . We use an LDA-LMTO [21] effec-
tive Hamiltonian HLDA, corrected for double counting of
the Coulomb energy of the d states in the usual way [20].
In Eq.(1) the sums run over the 3d states only, whereas in
the LDA Hamiltonian, 4s, 3d and 4p states are included.
The Coulomb interaction term is treated within the dy-
namical mean-field theory (DMFT) approach, which is
the most efficient local approach: it reduces an original
many-body lattice problem to the solution of an effec-
tive quantum impurity model in a self-consistent elec-
tron bath [3]. This multiband impurity problem has
been solved by a numerically exact quantum Monte Carlo
scheme based on the algorithm of Hirsch and Fye [22].
Using 64 or 128 slices in imaginary time allows to reli-
ably access temperatures down to T ∼ 500K. This is
still higher than in the experiment; however, test cal-
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FIG. 2: ARPES spectra of a 17-monolayer γ-Mn film taken
in normal emission at photon energies of 14 to 70eV . The
lack of dispersion distinguishes γ-Mn from other transition
metals. Note that the spectral changes from 48eV to 52eV
are due to resonant transitions between 3p and 3d states.
culations show that higher temperatures only result in
a slight smoothening of the spectra, therefore justifying
the comparison with the experimental data at lower tem-
perature. Typically, about 105 QMC sweeps and 10 to
15 DMFT iterations are sufficient to reach convergence.
The main quantities that we calculate and analyze are: a)
the local Green’s function, b) the k-resolved local Green’s
function
Gˆ(k, τ) =
1
β
∑
n
e−iωnτ
(
iωn + µ− Hˆ
LDA(k)− Σˆ(iω)
)−1
(2)
where ωn are the Matsubara frequencies corresponding
to the inverse temperature β. Inversion of the spectral
representations of these functions by means of a Max-
imum Entropy scheme [23] yields the density of states
(DOS) ρ(ω) and the spectral function A(k, ω). To our
knowledge these calculations are the first ones that de-
termine the k-dependence of the spectral density for a
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FIG. 3: Upper panel: density of states of γ-Mn as calculated
within LDA+DMFT. The “three-peak structure” with the
two broad Hubbard bands (HB) and a narrow quasiparticle
(QP) Kondo resonance at the Fermi level (solid line) is typical
of strongly correlated systems. The calculated photoemission
spectrum (dashed line), i.e. the density of states multiplied
with the Fermi function and broadened with the experimental
resolution, shows reasonable agreement with the experimental
spectra Fig. 1a and Fig. 2. Lower panel: k-resolved density
of states [arbitrary units] as calculated within LDA+DMFT.
The different curves correspond to k-points between the Γ and
the L-point.
material with d-states from LDA+DMFT with a realis-
tic five-band Coulomb vertex.
The results are shown in Fig. 1b. For a given k-point
there are two energy regions that carry the main part
of the spectral weight: one narrow quasi-particle (QP)
feature near the Fermi level and a very broad Hubbard
band at about−2.5 eV. Given the facts that (i) the exper-
iments are done at a somewhat lower temperature than
the calculations, that (ii) we do not take into account
matrix elements for interpreting the photoemission data
and that (iii) using the Maximum Entropy scheme for de-
termining the spectral function, a quantity not directly
measured within the Quantum Monte Carlo simulations,
introduces a further approximation, the theoretical spec-
tral function agrees reasonably well with the experimen-
tal data (Fig. 1a). Also plotted in Fig. 1b are the Kohn-
Sham eigenvalues taken from the LDA calculation. The
absence of LDA bands in the energy region carrying most
of the spectral weight in this k-space direction is strik-
4ing and underlines the necessity of a proper many body
treatment as done in LDA+DMFT. Note that assum-
ing antiferromagnetic order (of the type detailed below)
would slightly shift the LDA bands. However, the anti-
ferromagnetic LDA band structure displays a dispersion
of more than 2 eV and could thus not explain the undis-
persive photoemission feature.
The calculated (k-integrated and k-resolved) density
of states curves (Fig. 3) demonstrate a characteristic
”three-peak structure”, with two broad Hubbard bands
and a narrow quasiparticle Kondo resonance at the Fermi
level which is typical of strongly correlated electron sys-
tems [3]. The quasiparticle peak at the Fermi level and
the lower Hubbard band are seen in the present ARPES
spectra; in k-unresolved (BIS) measurements [24] a broad
peak has been observed at 1.4 eV. To identify this peak
with the upper Hubbard band (located at 1.2 eV in our
calculations) one should prove the dispersionless nature
of this peak. We have checked that all these incoher-
ent features do not depend on the directions in k-space
used in our calculations. For the above reasons we be-
lieve that γ-Mn belongs to the class of strongly correlated
materials and that the ARPES data can be considered
as the first observation of Hubbard bands in a transition
metal. As discussed above, correlation effects are indeed
observed in other transition metals, e.g. the Ni satel-
lite or some broadening of the quasi-particle bands in Fe.
Still, even if the mechanism leading to these features is of
the same origin, their spectral weight is not comparable
to the weight of the Hubbard bands in γ-manganese.
The energy scale associated with the correlation effects
that lead to the formation of the Hubbard bands (∼ U)
is much larger than that of the magnetic interactions.
Therefore the observed effects are not very sensitive to
long-range magnetic order. We have carried out the
electronic structure calculations for both the paramag-
netic and the antiferromagnetic structure with wave vec-
tor Q=(pi,0,0), which is typical of γ-Mn-based alloys [25].
The magnetic ordering changes the electron spectrum lit-
tle in comparison with the nonmagnetic case. However,
in comparison with the results of standard band theory
[13], the correlation effects stabilize the antiferromagnetic
structure leading to a magnetic moment of about 2.9 µB.
According to the present results, γ-Mn can be con-
sidered a unique case of a strongly correlated transition
metal. An even larger correlation would transform the
system to a Mott insulator where every atomic multiplet
forms its own narrow but dispersive Hubbard band [2, 4].
On the other hand, in most metals correlations are small
enough for the quasiparticles to be well-defined in the
whole energy region and usual band theory gives a rea-
sonable description of the energy dispersion. Note that
the correlation strength and bandwidth have almost the
same magnitude for all 3d metals. γ-Mn is probably an
exceptional case among the transition elements due to
the half-filled d-band and geometric frustrations in the
fcc-structure.
In conclusion, our ARPES data for the γ-phase of
manganese and their theoretical analysis by means of
LDA+DMFT, an approach that accounts not only for
band structure effects on the LDA level but also allows
for a full description of local effects of strong Coulomb
correlations, provide evidence for the formation of Hub-
bard bands in metallic manganese. This is a qualitatively
new aspect in the physics of transition metals.
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